In 1963 Helyer and Howie (1) described the incidence of kidney disease in the F1 hybrid of NZB and NZW mice (NZB/W). Some morphological characteristics of the renal lesion and the occurrence of LE cells in these mice suggested a certain similarity between this spontaneous disease and human systemic lupus erythematosus. Burner and Holmes (2) extended these findings and showed that sex had an important influence on kidney lesions in these mice; the disease progressed much more rapidly in females, 98% dying before 1 yr of age. They were also struck by the incidence of thymic lesions and antinudear antibodies which they interpreted as part of an autoimmune process. Immunohistochemical studies of this glomenflonephritis revealed the presence of ~,G-globulin in the glomeruli (3) suggesting an immune mechanism for the renal disease.
The suspension was centrifuged in the cold at 3500 g for 15 rain and the packed tissue was washed three times by centrifugation in PBS (30 vol) at 4°C. The washed tissue sediment was suspended in 0.02 M citrate buffer pH 3.2, 20 ml/g of kidney, and incubated at 37°C for 90 rain with constant stirring. The suspension was brought back to 4°C and the molarity to 0. 15 by addition of 2 M NaC1. After a centrifugation at 3500 g for 15 rain, the supematant was dialyzed against PBS for 2 days. The globulin in the eluate was isolated by precipitation in ammonium sulfate at 50% saturation and pH 7.0.
The amount of ~,G-globulin in the eluates was estimated by radial immunodiffusion in agarose by the method of Mancini (7) and is expressed in #g of "yG-globulln/g of kidney. The serum proteins were detected in the eluates by immunoelectrophoretic analysis by the Scheidegger technique (8) . Detection of subclasses of mouse immunoglobulins was accomplished with specific antisera to "yGI-, "yG~-and "yC_~n-globulins (kindly provided by Dr. H. Grey). The kidneys eluted were as follows:
1. A pool of 53 kidneys from randomly chosen 5-to 8-month-old female NZB/W mice. 2. A pool of six kidneys from heavily proteinuric female NZB/W mice with antinuclear antibody in the serum.
3. A pool of six kidneys from heavily proteinuric female NZB/W mice with no antinuclcar antibody in the serum. 4 . Controls: (a) a pool of 46 normal kidneys from normal M215 mice with no ~'G-giobulln in their glomeruli; and (/9 a pool of 32 kidneys from proteinuric M215 mice irradiated at birth and having a granular deposition of "yG-globulin in their giomeruli, t Detection of Antinudear A~ibodies.--Antinuclear antibodies were detected by several methods. Firstly, the indirect fluorescent antibody technique which employed as target anti-1 These mice are part of a study in progress with Dr. P. H. Guttman on giomerulosclerosis in mice irradiated at birth with 400 R.
gens acetone-fixed mouse kidney sections or smears of isolated mouse liver nuclei prepared by the method of Allfrey (9) . The sections or smears were covered with one drop of the test material and incubated for 30 rain. After two 15-rain washings in PBS, specific fluorescent antimouse 3,G-giobulin was applied for 30 rain, then the slides were washed and mounted. Controis included absorptions of the test material with one of the following: Ca) highly polymerized DNA ~ (1 nag and 5 mg per ml); (b) nucleoprotein prepared according to Jordan (10) and kept in solution in 1 ,~ NaC1; or (c) isolated mouse liver nuclei. Also, to test the specificity of staining for DNA, isolated liver nuclei were incubated for 30 min at 37°C with DNAase ~ at a concentration of 0.1 mg/ml in the presence of magnesium in order to remove DNA prior to use. Secondly, precipitating antibodies were detected by immunodiffusion in 0.5% agarose in PBS pH 7.2 according to Tan (11, 12) . Highly polymerized DNA, sonicated DNA, heat-denatured DNA, Sm antigen (11), 8 and soluble nucleoprotein 3 were used as antigens. Thirdly, complement-fixlng antibodies to DNA were detected by the microtecimique of Wasserman and Levine (13) . Fourthly, the amount of antinuclear protein antibodies in the renal eluates and acid-treated mouse serum was determined by quantitative absorption for 30 rain at 37°C with calf thymus nudeoprotein washed three times in PBS. The "yOglobulin concentration was measured by quantitative radial immunodiffusion (7) before and after absorption.
Detection of Nuclear Antigen in the Serum.--Sera from mice without antinuclear antibodies have been checked for the presence of nuclear antigen by an immunodiffnsion technique using an anti-DNA antiserum from a human lupus erythematosus patient. Special care was taken in collecting the sera for this study in order to avoid breakdown of leukocytes with liberation of nudear materials. The serum was separated from the clot within 30 rain after bleeding the mice.
Determination of Proteinuria.--Proteinuria was determined by the sulfosalicylic acid method (14) on 24-hr collections. Proteinurla over 5 rag/24 hr was considered abnormal.
Kidney Disease After Administration of DNA.--These studies were done to see whether injection of DNA into mice with circulating anti-DNA antibodies but relatively normal kidneys would precipitate the development of nephritis. Mice with anti-DNA antibodies included NZB/W females and AJAX breeders; the former have normal serum complement levels and the latter hck complement component five (15) . Controls consisted of NZB/W mice and Swiss Webster mice without anti-DNA antibodies. Afl mice met the following criteria: absence of proteinuria over 5 rag/24 hr; no, or only minor, glomerular lesions in the left kidney removed 4 days before the beginning of the injections of DNA; and no proteinuria over 5 mg/24 hr during the first 4 days following unilateral nephrectomy.
Heat-denatured DNA was injected dally at a dose of 130 ~tg (100 #g intraperitoneally and 30/tg intravenously) for 7 days in all mice. The AJAX mice received 200 ttg intraperitoneally five times a week for an additional 4 wk. Proteinuria was checked on days 0, 3, and 8 and weekly thereafter in the AJAX mice. A volume of 0.1 mi of blood was taken on days 0, 3, and 9 for detection of anti-DNA antibodies. The mice were sacrificed 2 days after the last injection of DNA. Tissues were taken for histology and immunofluorescence.
Kidney Disease After Immunization with DNA-Methylatecl BSA.--1-to 2-month-old mice (NZB/W and Swiss Webster) were immunized with heat-denatured DNA coupled to methylated liSA according to Plescia (16) . A total dose of 100 ktg DNA was given in four intraperitoneal injections--the first one in complete Freund's adjuvant and the other three in incomplete Freund's adjuvant. Control groups were injected with methylated BSA with the same amount of adjuvant. The incidence of antinudear antibodies was checked 10 days after the last injection and every month thereafter. The proteinuria was checked every 2 wk following immunization.
RESULTS

Morphologic and Immunohistochemical
Characteristics of the Glomerulonephritis.--Glomerular lesions appear spontaneously after 6 months of age in female NZB/W mice. The appearance is much later in males. The first lesions observed are membranous thickenings of the glomerular capillary walls and a proliferation of mesangial cells. The thickened capillary walls are PAS positive and :~ Glomezular basement membrane (GBM).
some of them show lumpy irregularities of their external aspect (17) . These membranous thickenings gradually increase with age, approaching the wire loop lesions of systemic lupus erythematosus, and may be accompanied by the appearance of exudative lesions and by the proliferation of glomerular and capsular cells. Some capillaries are dilated and filled with an eosinophilic, PASpositive material. Besides this subacute glomerulonephritis, there may be an interstitial and periarterial lymphoid proliferation and/or infiltration which is not well correlated with the degree of glomerular involvement. lmmunofluorescent studies on about 80 NZB/W kidneys of different ages revealed the gradual accumulation of 3,G-globulin in the glomeruli. These immunoglobulins first appear in the mesangia of the glomeruli in 3-to 5-monthold females. Over the next few months larger mounts of 3,G-globulin are deposited, both in the mesangia and along the capillary walls. The pattern of the deposits along the capillary walls is either finely granular or coarse and lumpy ( Fig. 1) ./~lc-Globulin accumulates in the glomeruli simultaneously with the "yG-globulin in a similar distribution and gives a similar intensity of fluorescent staining. Fibrinogen or fibrin, on the other hand, is not seen in the early lesions which contain 5'G-and/~lc-globulins but is first detected in advanced glomerular disease. At this time fibrin is deposited in large amounts in the mesangia, Bowman's space, and within capillary lumens, either partially or completely obstructing them (Figs. 2 a and 2 b).
Immunofluorescent studies revealed the presence of DNA in the nephritic glomeruli. The anti-DNA serum stains only nuclei in untreated sections of nephritic kidneys. However, after partial elution of the 3,G-globulin from the sections, the anti-DNA reacts with deposits of DNA in the glomeruli giving a staining pattern similar to that seen in 7G-and file-globulins (Figs. 3 a and 3 b). Of the various elution procedures used, mild treatment with 2 ~ NaCl Table I , ~G-globulin can be eluted in a sigificant amount from NZB/W kidneys and from other kidneys with glomerular deposits of "),G-globulin but not from normal kidneys. By immunoelectrophoretic analysis, only 5,G-giobulin can be detected in NZB/W kidney eluates. On testing these eluates with specific antisera for subclasses of mouse immunoglobulins, only 3'G~A can be detected.
Nature of the ")'G-Globulin Fixed in the Glomeruli.uAs shown in
By inununofluorescence, the incubation of the NZB/W eluates with normal mouse kidney sections, followed by a staining with a fluorescent anti-mouse 3,G-globulin, gives a positive fluorescence localized to all nuclei with a "rim and fibrillar" pattern but no nonnuclear staining of glomeruli (Fig. 4 a) . A quantitative study, by serial dilutions of the eluates from heavily proteinuric female NZB/W mice and of their sera containing antinudear antibodies shows that at the same concentration of ~G-globulin, the antinuclear antibody titer obtained with the eluate can be 80 times higher than that given by the serum. Moreover, antinuclear antibodies can be found in eluates from proteinuric female NZB/W kidneys when no such antibodies are detectable in the serum. The concentration of antinuclear antibodies in the kidneys also is evident from the fact that 56 % of the 7G-globulin eluted would fix to insoluble calf thymus nucleoprotein (Table II) .
The "rim and fibrillar" staining pattern of renal eluates is very suggestive of an anti-DNA antibody (18) . Absorption of the eluate with DNA prior to the indirect fluorescence reaction strongly decreases the nuclear staining, and absorption with insoluble nucleoprotein completely inhibits staining. The nuclear staining is also inhibited by a prior treatment of the target section with DNAase. Precipitation reactions of these eluates with DNA, soluble NP, and Sm antigens are all negative. However, complement fixation is positive when eluates from NZB/W kidneys are incubated with DNA (Text- fig. 1 ). These results indicate that the antinuclear antibodies in the eluate are mainly anti-DNA antibodies and, in lesser part, antinucleoprotein.
Nuclear Antigens in the Serum.--Using immunodiffusion methods and a human anti-DNA serum, we looked for a DNA-like antigen in serum of 50 NZB/W, 30 Swiss-Webster, and 50 B10D2 mice 3, 4, and 6 months of age. Six NZB/W sera (two at 3 months, two at 4 months, and two at 6 months of age) contained a DNA-like antigen when tested. Sera of the other strains were uniformly negative. Text- fig. 2 shows reactions of sera of one of these mice taken at three times. It emphasizes the variability in the concentration of such nuclear antigen in the serum of a single mouse at different times. By immunodiffusion analysis, it could be shown that these DNA-like antigens had at least a partial identity with calf thymus DNA.
Serum Antinuclear Antibodies and Devdopment of Nephritis.--Serum anti-nuclear antibodies are found in a high percentage of NZB/W mice (Text-figs. 3 and 4). By immunofluorescence, one can demonstrate the fixation of serum antinuclear antibodies on mouse nuclei in a mainly homogenous, diffuse pattern (Fig. 4b) . A slight peripheral accentuation of the nuclear staining is occasionally seen after dilution of the serum. Prior absorption of the mouse serum with DNA does not appreciably inhibit the nuclear staining but it is completely inhibited by preabsorption of the serum with insoluble nucleoprotein. DNAase The temporal relationship between the development of serum antinuclear antibodies, significant proteinuria, and mortality have been studied in 400 NZB/W mice. In female NZB/W mice (Text- fig. 3 ), the incidence of antinuclear antibodies rises sharply at 5 months of age. The incidence of signifi-cant proteinuria begins to rise 1 month later. The average interval between onset of proteinuria and death for female NZB/W mice is 3 wk. All mice dying with kidney disease appear to have antinuclear antibodies in their serum and/or renal eluates. The 1-2 % of females still living after 1 yr do not develop serum antinuclear antibodies. In male NZB/W mice (Text-figs. 3 and 4) the antinuclear antibodies and mortality appear much later than in females. However, the incidence of significant proteinuria has a very curious evolution. It is very high in young males, then decreases at 6-7 months, and rises again in older mice. The kidney sections in young males with proteinuria have no tubular casts nor glomerular lesions, whereas in old males with proteinuria, glomerular lesions are obvious and tubular casts abundant.
These facts suggested a nonnephritic origin for the proteinuria in young males. In order to clarify this point, 13 2-month-old males were castrated and followed for several months. As shown in Text- fig. 4 , an immediate disappearance of the profeinuria occurred after castration. At 8 months of age, after a rise in incidence of antinuclear antibody, proteinuria and glomerular lesions developed.
Nephritogenicity of the Nuclear Antigen-Antinudear Antibody Reaction.--in
order to get an estimation of the nephritogenic potential of anti-DNA antibodies, heat-denatured calf thymus DNA was injected parenterally to unilaterally nephrectomized mice of several strains, with and without circulating anti-DNA antibodies, which had no, or only mild, glomerular lesions (Table III) . ¶ First 7 daily injections of 130 #g were followed by intraperitoneal injections of 200 #g, five times a week for an additional 4 wk.
None of the Swiss-Webster nor NZB/W mice without anti-DNA antibody develop significant renal disease as a result of the injections. No proteinuria is detected and the histological and the immunofluorescent analyses are similar to those performed on the first kidney removed before the DNA injections. In the NZB/W mice with serum anti-DNA antibodies, injection of DNA results in a tremendous acceleration of the renal disease. Within a week significant proteinuria appears in all but two mice. The histological lesions axe much more advanced than before the DNA injections. Generalized thickening of the capillary walls and even some typical wire loop lesions appear. PAS-positive deposits are seen both along the capillary walls and in the mesangia. By immunofluorescence, one can see a considerable increase in the amount of 3'G-and ~ac-globullns deposited in the mesangia and along the capillary walls (Fig. 5) .
Also, a considerable amount of fbrin or fibrinogen appears in these glomeruli after injection of DNA (Fig. 6) . A study by the immunodiffusion technique in presence of DNA points out the disappearance in all the mice of circulating anti-DNA antibody after 3 days of injection.
In the C'5-deficient AJAX mice with circulating anti-DNA antibody, the injection of DNA for a total of 5 wk causes no prote[nuria and only slight thickening of the glomerular basement membrane of questionable significance is seen in some of these mice.
In order to observe the effects of hastening the appearance and increasing the amount of anti-DNA on the development of nephritis, NZB/W mice were immunized at 1-2 months of age with DNA-methylated BSA. Serum anti- ~; Total dose = 400 #g in PBS in four injections.
nuclear antibodies and proteinuria were checked at regular intervals for 7 months (Table IV) . A high level of serum ant[nuclear antibodies is present at 4 months of age with a mean age of onset of 153 days in the DNA-methylated BSA-immunized mice. Proteinuria appears 49 days earlier, mean age of onset 188 days, in mice immunized with DNA-methylated BSA than in normal mice. The morphologic characteristics of the renal lesions observed with DNAmethylated BSA-immunized mice are similar to the spontaneous lesions.
DISCUSSION
The present studies support earlier postulation that the glomeruloaephritis of NZB/W mice is the result of immunologic processes and, further, define in part the immunopathogenetic mechanisms involved. The first observation suggesting an immunologic origin for the nephritis was the identification of host immunoglobulin in the diseased glomeruli (3, 17, 19) . Since globulin eluted from such kidneys would not react with normal glomeruli but would fix in diseased glomeruli, Mellors postulated the presence of an autoimmune response to abnormal antigens in the glomenflar basement membranes of affected mice (17) . Others have found in advanced glomerular lesions other plasma proteins in addition to "yG-globulin and have considered that all were present as a result of a nonspecific abnormality in renal filtration (20) . It now appears clear that qcG-and ~lc-globulins begin to accumulate in the glomeruli several months before the appearance of other proteins. The granular to lumpy distribution of "rG-and ~ic-globulins along the glomernlar basement membranes is characteristic of the pattern of deposition of circulating nonglomerular antigen-antibody complexes and is in marked contrast to the uniform, linear pattern of deposition of antibodies reacting with antigens of the basement membrane (21) . Electron microscopic observations of irregular subepithelial electron-opaque deposits along the glomerular basement membranes are in agreement with the immunofluorescent data (22) . In this lesion, as in most forms of immunologically induced glomerular lesions in mice, there is an accumulation of most plasma proteins in the very reactive mesangia and an intracapillary deposition of fibrin which is probably a result of a diffuse intravascular coagulation (23) .
The elution of kidney homogenates allowed characterization of the vGglobulins deposited in the glomerular lesions. Firstly, the amount of ?Gglobulin found in the eluates was incompatible with a nonspecific serum contamination and indicated a specific concentration. The major part of the ~¢G-globulin present in diseased kidney eluates is antinuclear antibody. There is, indeed, a specific concentration of these antibodies in the glomerular lesion. Knowing that a washed, intact mouse kidney contains 0.5 ml of blood per gram (24) , and that only 1-2% of the serum "yG-globulin of the NZB/W mice is nucleoprotein-fixing antibody, one can assume that a maximum of 10 ~g of "yG-globulin could be fixed on kidney nuclei during the homogenization of 1 g of kidney. The numerous washings during the early steps of homogenization would surely reduce this amount. Therefore, the finding of 38-160/~g of nucleoprotein-fixing antibodies per gram of kidney indicates a specific renal and, in all likelihood, glomernlar concentration of these antibodies. The reactivity of >~ of the ~,G-globulln in the renal eluates with nucleoprotein also speaks for a specific concentration. Secondly, the specificity of the antinuclear antibodies present in the glomeruli differs from the specificity of the serum antinuclear antibodies. The fluorescence pattern of nuclear staining and the absorption experiments suggest that the antibodies in the serum are mainly directed against "insoluble" nucleoprotein, with lesser amounts of anti-DNA. In the eluates, antibodies against DNA and, to a lesser extent perhaps, soluble nucleoproteins are present. Thirdly, there was obvious selection of "y-globulin in the glomeruli since only "yG2A-globulins could be detected in the eluate. The selection and concentration in the glomeruli of "yG~A-antibodies reacting only with soluble nuclear components suggest a particularly nephritogenic property of either these antigens and/0r 7G~A-antibodies.
The mechanism by which the "},G~A-anti-DNA antibodies are concentrated in the glomeruli would appear to be via deposition of antigen-antibody-complement complexes since DNA-like antigens, plus fllc-globulin, have also been found in the glomeruli in a distribution similar to that for the "yG-globulin. That the deposition of nonglomernlar antigen-antibody complexes in the glomeruli can cause glomernlonephritis has been well established in a number of experimental models (21) and is not dependent upon reaction of the antibody with any glomerular antigen.
Several observations suggest that the antinuclear antibodies are important in the causation of NZB/W glomerulonephritis. Firstly, in most mice, circulating antinuclear antibodies appeared prior to the development of nephritis and were present throughout the course of the disease in agreement with earlier observations (25) . In the few sick mice without circulating antinuclear antibodies, elution of their kidneys revealed antinuclear antibodies. Thus, the formation of these antibodies and their localization in the glomeruli was a uniform accompanyment of glomemlonephritis. Secondly, the acceleration of the nephritic process in mice immunized with DNA-methylated BSA early in life paralleled their earlier formation of antinuclear antibodies. And, thirdly, in mice with circulating anti-DNA antibodies, but prior to their development of significant nephritis, the intravenous injection of DATA promptly precipitates a severe glomerular disease. This suggests that in the early course of the disease the amount of available DNA may be a limiting factor.
As previously noted, the similarities between the serologic development and morphologic changes in human systemic lupus erythematosus and the spontaneous disease of NZB/W mice, particularly the nephritis, are striking (1). The present observations would indicate that the pathogenetic events leading to the nephritis in each case may also be quite similar. Immunoglobulins and /~lc-globulins are present in the glomeruli with the same granular pattern in both diseases. Focal deposits of fibrin are found in both. Recent studies (26, 27) demonstrate the presence of antinuclear antibodies in eluates from lupus kidneys. DNA-like antigens have also been found in glomerular lesions (27) while DNA has been found in the serum of some patients by Tan and associates (28) . The NZB/W model, with a natural history and pathogenetic events so close to the systemic lupus erythematosus, provides a useful model for the study of this human disease.
While a direct relationship of antinuclear antibody and presumably nuclear 8nfigen-antinuclear antibody complexes to the development of nephritis in NZB/W mice seems likely, the events leading to the formation of antinuclear antibodies are unknown. The presence of detectable circulating DNA by rela-tively insensitive methods in 6 of 50 young female NZB/W mice long before the appearance of antinuclear antibodies and its absence in all other strains tested provides a tempting possibility. If, in fact, circulating nuclear antigens appear exclusively or excessively only in animals destined to make antinuclear antibodies, the circulating antigen may be the primary event and the antinuclear antibodies merely an inevitable consequence. The source of the circulating DNA is not known but several possibilities exist. Firstly, it might be host DNA which had been, for one reason or another, improperly degraded and, therefore, present in excessive amounts or unusual forms. Secondly, in view of the claim of viral infection of the NZB mice (29) , the DNA might be of viral origin or might derive from host cells destroyed by the infection. That viral DNA may be present in the circulation has been shown with oncogenic viruses (30) and that viral antigen-host antibody complexes may deposit in glomeruli associated with the development of injury has been demonstrated in mice infected with LCM (31) .
The present observations suggest a role for complement in the pathogenesis of nephritis in NZB/W mice. Firstly, only complement-fixing 3,Gu-globulins are present in the glomerular lesions. If the 3,Gl-antibodies which do not fix complement are formed against nuclear antigen they apparently form immune complexes which do not fix to a significant degree in the glomeruli. Secondly, it has also been noted that complement-deficient mice with anti-DNA antibodies (AJAX) did not develop a severe disease after injection of DNA. This result differs from what has been observed with the injection of antiglomerular basement membrane antibody in complement-deficient mice (24) . In that last case, however, the antibody is specifically fixed to the basement membrane. Such a fixation on isolated toad urinary bladder membrane has been shown to alter the active transport through the membrane even in the absence of complement (32) .
The development of glomerulonephritis in NZB/W mice is closely related to the formation of antinuclear, particularly anti-DNA, antibodies. The developing inflammatory glomerular lesions are characterized by the deposition of 3~G-and/31c-globulins plus DNA and possibly other nuclear antigens, presumably as complexes, in a granular to lumpy pattern along the capillary walls and in the mesangia. Elution studies revealed the "yG-globulin in the glomeruli to be largely "yGzA-type antibody to soluble nuclear antigens. Enhancement of the antinuclear antibody response by active immunization of young NZB/W mice with DNA-methylated BSA hastens the development and increases the severity of the glomerulonephritis. Similarly, injections of soluble DNA into NZB/W mice with circulating anti-DNA antibodies but with as yet little nephritis causes rapid progression of nephritis. 
